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ABSTRACT: The inﬂuence of mixing intensity on protein
crystallization has been investigated for the ﬁrst time in a
meso oscillatory ﬂow reactor (meso-OFR). For this, lysozyme
crystallization was studied in batch at diﬀerent oscillation
amplitudes and frequencies. Turbidity was monitored over
time to measure induction time and follow the crystallization
process. Results suggest that the crystallization mechanism
may be characterized by the occurrence of primary
heterogeneous nucleation followed by attrition-induced
secondary nucleation. Results also evidence the nonmono-
tonic dependence of both induction time and mean crystal
size on mixing intensity. Indeed, results show that the two
parameters decrease with increasing mixing intensity at Reo
below 189, while for further increase of Reo both remain almost constant. Based on the literature, we suggest that such behavior
may be explained by the inﬂuence of mixing intensity on protein clusters size distribution in solution. Further, induction time
and mean crystal size show a stronger dependency on the oscillation amplitude compared to the oscillation frequency, in
particular at the lower amplitudes. Finally, it is shown that lysozyme keeps its activity at the end of the experiments and crystal
yields are quite reasonable.
■ INTRODUCTION
The rapidly expanding market for protein products has
contributed to a business increase in the biotechnology
industry. Indeed, proteins represent an important group of
products from food and pharmaceuticals to cosmetics.1 Recent
developments in more eﬃcient upstream processes led to an
improvement in the delivery of proteins amounts, shifting thus
the manufacturing bottleneck toward the downstream process.
The latter constitutes a substantial part of the overall cost and
has to deal with several challenges, such as the increasing
protein production and the achievement of high yield and
purity with a reduced number of process units.2 Currently,
downstream processing is mainly based on costly preparative
chromatography steps.2−6 Therefore, alternative puriﬁcation
techniques must be established to meet the demands of an
increasing market and reduce the costs during manufacturing.
In this context, protein crystallization can represent an
alternative approach to the chromatography methodologies.6,7
Properly executed, protein crystallization operation can
signiﬁcantly reduce the number of steps in the downstream
processing since it may be possible to obtain in a single-step
high-purity proteins. Some processes with recovery yields
higher than 95% were reported, namely, the case of β-amylase.3
Further, crystalline forms often have longer storage life and
greater purity when compared to the dissolved form, opening
up the range of application from formulation and storage of
proteins to drug delivery.3,5,6,8 Despite its huge potential, there
are still few crystallization processes implemented in the
downstream process of proteins. One can cite the established
puriﬁcation processes of insulin,4 ovalbumin,9 lipase,10
elastase,11 and proteases I and II.12
Although there have been an increased number of published
papers in protein crystallization for puriﬁcation purposes in the
last years, papers dedicated to well-deﬁned and scalable
processes are relatively scarce. Protein crystallization is a
complex process in which there is no comprehensive theory,
being hence mainly based on experimental data rather than
theoretical insights.13 Usually the procedure involves an
extensive series of crystallization trials that aims at optimizing
the range of the individual variables that inﬂuence crystal
formation. The many possible process conditions require
substantial experimental work, and these must be evaluated
individually for each protein and application case.
Research carried out so far has been focused on the study of
protein crystallization in stirred tank batch reactors on the
milliliter (mL) to liter (L) scale, although studies in diﬀerent
types of crystallizers, such as rotary shakers,14,15 devices with
mechanical vibration,16 oscillatory ﬂow17 or oscillatory ﬂow
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mixing,18 and tubular reactors19 have been reported. Many of
these works study the inﬂuence of the stirrer energy input and
shear forces on nucleation, growth rate, crystal habit, and
average crystal size. Gentle agitation is usually recommended
in order to reduce crystal collisions with each other and/or
parts of the crystallizer (wall, impeller) and ﬂuid shear,
minimizing hence secondary nucleation.20 However, it is
important to maintain a minimum of agitation to ensure good
mixing of the crystallization medium and keep the crystals
suspended.8 According to the literature, the stirrer speed has
been shown to have an important impact on crystallization
onset time (nucleation), crystal size, and crystal aggrega-
tion.8,21 Concerning nucleation, reduction of the nucleation
time was veriﬁed in unbaﬄed stirred vessels,9,21 in a wave
shaker,22 under oscillatory ﬂow17 and oscillatory ﬂow mixing18
when compared to nonagitated systems. As to crystal size and
aggregation, most of the works report the decrease of mean
crystal size and inhibition of aggregation with the increase of
agitation.8,19 As for shear stress, several works have shown that
shear inhibits nucleation,15,16,23,24 while others have shown
that shear enhances nucleation.25 More recently, experiments,
simulations and theories have shown that shear can either
enhance or suppress nucleation depending on its magnitude,
suggesting thereby the existence of an optimal shear ﬂow
leading to fastest nucleation.25−28
As mentioned above, protein crystallization operations are
usually designed as stirred tank batch processes. However,
large tanks are often characterized by low mixing eﬃciency that
may lead to excess local concentrations and, consequently,
aﬀect the characteristics of the ﬁnal product. Further, shear
forces exerted by the impeller can be signiﬁcant and thus be
detrimental to protein crystallization.8 Therefore, a crystallizer
with uniform mixing and minimized shear forces is desirable to
overcome the aforementioned problems. In the present work,
we report for the ﬁrst time the inﬂuence of mixing intensity on
protein crystallization in a meso oscillatory ﬂow reactor (OFR)
optimized by members of the present research team.29 The
meso-OFR is a milliliter device where the common sharp
baﬄes were replaced by smooth periodic constrictions (SPC)
to reduce the high shear regions.30 Mixing intensity can be
controlled by changing the oscillation frequency ( f) and
amplitude (x0). Crystallization assays were carried out with a
model protein, lysozyme. Lysozyme is one of the most popular
model proteins as it easily crystallizes, allowing thus more
systematic experimentation with view to set the optimum
operating conditions for protein crystallization in the designed
meso-OFR. Thereby, inﬂuence of mixing intensity on lysozyme
crystallization, namely, nucleation, was evaluated by varying
the oscillation f and x0. Turbidity of the crystallization solution
was measured over time and the resulting crystals were
characterized by optical microscopy. Additionally, crystal yield
and activity were determined.
■ MATERIALS AND METHODS
Proteins and Chemicals. The protein and chemicals used, as well
as the protocol for the preparation of the doubled concentrated
lysozyme (100 mg·mL−1) and sodium chloride (6% (w/v)) solutions
are reported in a previous work.18 Both solutions were thermostatized
at 20 °C and crystallization assays were started by their simultaneous
injection in equal parts in the meso-OFR. In addition, lysozyme
concentration was measured by UV spectroscopy (ScanSpec UV−vis,
Sarspec, Portugal) at 280 nm using a known extinction coeﬃcient (2.5
L·g−1·cm−1).31 Measurements were done at the beginning and at the
end of each experiment to evaluate the lysozyme concentration in
solution.
Experimental Installation. Lysozyme crystallization trials were
carried out in the experimental setup represented in Figure 1. Except
the oscillating system that consists in a linear motor (LinMot,
Switzerland), the experimental installation is described in Castro et
al.’s work.18
As mentioned before, the reactor is operated under oscillatory ﬂow
mixing, controlled by the oscillation frequency ( f) and amplitude (x0).
The mixing intensity applied to the meso-OFR can be described by
the oscillatory Reynolds number Reo:
32
π ρ
μ
=Re fx d2o 0 (1)
where d is the column diameter (m), ρ the ﬂuid density (kg·m−3), μ
the ﬂuid viscosity (kg·m−1·s−1), x0 the oscillation amplitude (m), and f
the oscillation frequency (s−1). Diﬀerent mixing intensities were
applied by varying f and x0 from 1.33 to 2.33 Hz and from 3.6 to 7.6
mm, respectively. The value of the amplitude corresponds to the
center-to-peak amplitude measured in the tube without constrictions.
Reactants were fed into the setup by means of a syringe pump (NE-
4000, New Era, United States of America). Temperature inside the
meso-OFR was regulated by a thermostatic bath (Huber, Ministat
125, Germany) kept at 20 °C.
Turbidity Proﬁle and Induction Time Measurement.
Turbidity of the crystallization solution was monitored and induction
time was measured following the methodology reported in Castro et
al.’s work.18 Experiments lasted about 20 h and at least three replicates
were done per experimental condition to assess the reproducibility of
the experiments.
Assessment of Mean Crystal Size, Crystal Size Distribution
and Morphology. Samples were collected at the end of the
experiments, i.e., after 20 h (images not shown), and after reaching
the maximum absorbance peak (the time at which samples were
collected depends on the agitation conditions). Thereby, it was
intended to assess the eﬀect of mixing intensity on the crystals at a
stage where most are already formed and thus prevent them from
being exposed to prolonged agitation, which may cause their breakage
and/or aggregation. The obtained crystals were characterized by
optical microscopy (Standard 20, Zeiss, Germany) to evaluate their
size, size distribution and morphology. Regarding mean crystal size
and size distribution, a minimum of 500 crystals were analyzed
(ImageJ) to ensure a reduced conﬁdence interval smaller than 5%.33 It
Figure 1. Schematic representation of the experimental setup for
lysozyme crystallization experiments.
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is important to mention that mean crystal sizes and crystal size
distributions were determined based on the measurement of the size
of simple crystals.
Crystal Yield. Crystal yield was estimated based on the initial and
ﬁnal concentration of lysozyme in solution measured by spectropho-
tometry at 280 nm:
=
−
− *
×Yield
C C
C C
(%) 100lysozyme initial lysozyme final
lysozyme initial (2)
where C* is the lysozyme equilibrium concentration (7.3 mg·mL−1 at
20 °C, pH 4.7, and NaCl 3% (w/v)), i.e., corresponds to the
minimum concentration that can be reached and thus to the
concentration for which the yield is maximum.
Lysozyme Enzymatic Activity. Enzymatic activity of the
resulting lysozyme crystals and the initial lysozyme solution
was determined by spectrophotometry through the measurement of
the rate of lysis of Micrococcus lysodeikticus, as described in Castro et
al.’s work.18
■ RESULTS
Monitoring of the Experiments by Turbidity Meas-
urements. As shown in previous works, monitoring of the
turbidity of the crystallization solution can provide a mean of
detection of the diﬀerent stages in protein crystallization.34,35
Figure 2 shows a typical turbidity proﬁle obtained during the
lysozyme crystallization trials carried out. Initially (stage 1), a
slight increase in the turbidity of the solution is observed,
followed by a period where the turbidity remains almost
constant (stage 2). This initial increase is thought to be due to
the occurrence of a phenomenon prior to nucleation, probably
the formation of protein clusters.36 In stage 3, the turbidity
increases sharply, which may be explained by the occurrence of
both nucleation and crystal growth. Then the turbidity
decreases (stage 4), which may be related with the
sedimentation of the larger crystals and/or the aggregated
smaller crystals. Finally, the turbidity stabilizes in stage 5,
suggesting no signiﬁcant formation of crystals.
In this way and as illustrated in Figure 2, the induction time
(tind) was considered as the time from the beginning of the
experiment until the abrupt change of the absorbance, being
derived by the intersect value, on the axis time, of the tangent
to the ﬁrst rapid increase in the turbidity proﬁle curve.18,35
Consequently, the measured induction time does not
correspond to the moment the nucleation occurs but to the
moment at which the solution contains a certain amount of
crystals.
It is also important to refer that for the experiments with the
three lowest mixing intensities (Reo 90: f = 1.33 Hz and x0 =
3.6 mm. Reo 123: f = 1.83 Hz and x0 = 3.6 mm. Reo 132: f =
1.33 Hz and x0 = 5.3 mm), few crystals were formed and the
solution remained clear. For those cases, no abrupt change in
the turbidity proﬁle was observed and it was not possible to
determine the induction time with the methodology described.
Inﬂuence of Mixing Intensity on Induction Time.
Based on the methodology described above, induction times
were determined under diﬀerent mixing conditions, except for
the three experimental conditions with the lowest mixing
intensities (Reo of 90, 123 and 132), as previously mentioned.
The measured induction times are plotted as a function of the
mixing intensity (Reo) in the graph below.
According to Figure 3, the induction time decreases at ﬁrst
(Reo from 157 to 189), reaching a minimum (at Reo of 189),
after which it follows an increase (Reo from 189 to 260) into a
plateau (Reo from 260 to 331). The results suggest thus the
existence of an optimal mixing intensity leading to a minimum
induction time. One can also observe that the inﬂuence of
mixing intensity on the induction time is more signiﬁcant at
lower mixing intensities (Reo of 157, 181, and 189) than at
higher mixing intensities (Reo of 231, 260, and 331). A similar
relationship between mixing intensity and induction time for
the nucleation of butyl paraben under oscillatory ﬂow mixing
was reported by Yang et al.37 Authors veriﬁed that the
induction time decreases with increasing mixing intensity for
Reo below ∼200 and starts to increase for Reo above ∼300.
Furthermore, they veriﬁed that primary nucleation phenom-
enon is more aﬀected by shear rate at lower shear rates than at
higher shear rates.
Figure 4A shows the measured induction times as a function
of the amplitude at ﬁxed frequency, while Figure 4B shows the
measured induction times as a function of the frequency at
ﬁxed amplitude.
Figure 4A shows a clear decrease of the induction time with
the increase of the amplitude from 3.6 to 5.3 mm at 2.33 Hz,
while no signiﬁcant diﬀerence is observed with further increase
of the amplitude from 5.3 to 7.6 mm at both 2.33 and 1.83 Hz.
In Figure 4B, it is possible to verify that the induction time
does not signiﬁcantly vary with increasing frequency at both
5.3 and 7.6 mm. Therefore, results suggest a stronger inﬂuence
of the oscillation amplitude on the induction time when
compared to the oscillation frequency, especially at the lower
amplitudes.
Figure 2. Turbidity proﬁle during lysozyme crystallization in the
meso-OFR at 20 °C and pH 4.7 for x0 = 7.6 mm and f = 2.33 Hz as an
example.
Figure 3. Induction time as a function of mixing intensity (Reo). The
errors bars are standard deviations from at least three independent
experiments.
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Inﬂuence of Mixing Intensity on Mean Crystal Size,
Crystal Size Distribution and Morphology. Lysozyme
crystals were collected for each experimental condition and
observed by optical microscopy (× 10 × 10), as shown in
Figure 5. According to the images, all the samples are formed
by tetragonal crystals. The presence of crystals with diﬀerent
sizes for all the studied operating conditions is veriﬁed too. In
general, and as further shown by the crystal size distribution
results (Figure 6), mean crystal size seems to decrease with the
increase of x0 at a ﬁxed f, as well as with the increase of f at a
ﬁxed x0. One also observes less but larger crystals at lower
mixing intensities (Reo from 90 to 181) and more but smaller
crystals at higher mixing intensities (Reo from 189 to 331). In
addition, it seems that with increasing mixing intensity crystal
size distribution is narrower, although this will be discussed in
more details further on (Figure 6A,B). Figure 5 also evidences
the aggregation of lysozyme crystals, particularly for the highest
mixing intensities (Reo from 189). According to the
literature,38 aggregation of lysozyme crystals with a diameter
in the range of 1−50 μm is mostly due to shear forces. In this
way, the aggregation of lysozyme crystals can be justiﬁed by
their small size (approximately between 10 to 20 μm, see
Figure 6 and Table 1) and by the fact that they were subjected
to shear forces, which promote collisions between crystals and
thereby their aggregation.
Based on the optical microscopy images of the crystals,
crystal size distribution and mean crystal size were determined
by image analysis for a total of at least 500 simple crystals for
each experimental condition, so that the results do not
consider aggregates. Figure 6A and 6B show the inﬂuence of
mixing intensity on lysozyme crystal size distribution and mean
crystal size, respectively.
According to Figure 6A, the general trend is that lysozyme
crystals are smaller and more uniform in size as mixing
intensity increases. In what concerns Figure 6B, it evidences
the decrease of lysozyme mean crystal size with the increase of
mixing intensity for Reo from 90 until 189, from which mean
Figure 4. Induction time as a function of (A) oscillation amplitude at ﬁxed frequency and (B) oscillation frequency at ﬁxed amplitude. The errors
bars are standard deviations from at least three independent experiments.
Figure 5. Images of the lysozyme crystals for the studied mixing
intensities (Reo).
Figure 6. Inﬂuence of mixing intensity (Reo) on (A) lysozyme crystal size distribution and (B) lysozyme mean crystal size.
Crystal Growth & Design Article
DOI: 10.1021/acs.cgd.8b00721
Cryst. Growth Des. 2018, 18, 5940−5946
5943
crystal size remains almost constant with further increase of
mixing intensity. In the opposite, literature reports the decrease
of lysozyme average crystal size with the increase of the power
input in a stirred tank crystallizer.8 This was also observed for
the crystallization of L-glutamic acid in an oscillatory baﬄed
crystallizer, where mean crystal size decreases with the increase
of the oscillatory Reynolds number.39
Figure 7A shows that lysozyme mean crystal size decreases
as the oscillation amplitude increases regardless of the
oscillation frequency. It is also veriﬁed that as the amplitude
increases the diﬀerence between the mean crystal sizes for the
three studied frequencies is smaller. As to Figure 7B, the
tendency is that lysozyme mean crystal size decreases as the
oscillation frequency increases for the three studied oscillation
amplitudes. It is also shown that for the same frequency mean
crystal sizes are quite diﬀerent depending on the amplitude
value, unless for the highest frequency where mean crystal sizes
are similar regardless of the amplitude. According to these
results, it seems that the oscillation amplitude has a higher
inﬂuence on lysozyme mean crystal size when compared to the
oscillation frequency, namely at the lower amplitudes.
Yield and Activity. According to Table 1, formed crystals
kept their activity at the end of the experiments as activity
values were superior to 67%, with an experimental error of
about 12%. Regarding crystal yield, values are above 60% for all
the studied operating conditions, error associated with its
determination being approximately 11%. It is important to
remember that yield was estimated based on lysozyme
concentration measured by absorbance. Several dilutions had
to be made, which may entail errors when estimating crystal
yield.
■ DISCUSSION
Given the operating conditions and as suggested by the
experimental results, it is though that both primary
heterogeneous nucleation40 and attrition-induced secondary
nucleation20,41 may have contributed to the nucleation
mechanism. Indeed, the rapid increase in turbidity shown in
Figure 2 suggests the formation of a large number of crystals in
a short time scale, which has been related in previous
works42−45 with the occurrence of secondary nucleation rather
than a sudden increase in primary nucleation. In addition,
Figure 5 evidences the presence of crystals with diﬀerent sizes
for all the operating conditions. Though it is not possible to
distinguish secondary nuclei grown crystals from primary
grown crystals, this observation may indicate the occurrence of
secondary nucleation. While damaged crystals and/or frag-
ments were not observed since crystals were collected at the
end of stage 3 (Figure 2), and at the end of the experiments, it
has been reported that for lysozyme crystallization in agitated
systems secondary nucleation likely results from attrition.46
Based on this hypothesis, the measured induction time may be
related not only with the time required for primary nuclei to
form and grow to a detectable size, but also with the time
required for secondary nuclei to form and grow to a suﬃcient
size to be detected.44,45
As expected and corroborated by the experimental results on
the inﬂuence of mixing intensity on both induction time
(Figure 3) and mean crystal size (Figure 6), nucleation
behavior of lysozyme in the meso-OFR is aﬀected by the
mixing intensity. At Reo between 157 and 189, both induction
time and mean crystal size clearly decrease with increasing
mixing intensity, while at Reo between 189 and 331, inﬂuence
of mixing intensity on both induction time and crystal size is
Table 1. Summary of the Experimental Results for the Lysozyme Crystallization Trials Performed in the Meso-OFR
x0 (mm) f (Hz) Re0 tind (min) error
a (min) mean crystal size (μm) errorb (μm) yield (%) relative activity (%)
3.6 1.33 90 34.6 1.6 75 >74
1.83 123 30.6 0.8 72
2.33 157 124 39 21.3 0.9 73
5.3 1.33 132 28.0 0.7 72 >89
1.83 181 52 27 20.7 0.4 89
2.33 231 25 9 18.6 0.5 94
7.6 1.33 189 20 7 15.9 0.3 77 >67
1.83 260 34 20 14.1 0.2 64
2.33 331 40 21 18.0 0.3 82
aThe errors bars are standard deviations from at least three independent experiments. bThe error correspond to the standard error of the sample
mean.
Figure 7. Lysozyme mean crystal size as a function of (A) oscillation amplitude at ﬁxed frequency and (B) oscillation frequency at ﬁxed amplitude.
The error bars correspond to the standard error of the sample mean.
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less signiﬁcant. The decrease of both induction time and mean
crystal size with increasing mixing intensity at 157 ≤ Reo ≤ 189
may be related with the fact that nuclei growth is promoted
due to the ﬂow-induced advective transport to the cluster,
enhancing thus primary nucleation.26 Molecular alignment
induced by shear has also been reported as a potential
explanation for enhanced primary nucleation.41,47 An alter-
native explanation is the increase of secondary nucleation
rate from grown primary crystals due to an increase of crystal
collisions and subsequent increase in the rate of attrition,
causing the detectable amount of crystals to be reached earlier.
This is in agreement with Tait study,46 where stirring speed
was shown to aﬀect signiﬁcantly lysozyme secondary
nucleation rate, which is consistent with a contact/attrition
based model of secondary nucleation. Regarding higher mixing
intensities (189 ≤ Reo ≤ 331), induction time and mean
crystal size remain almost constant with increasing mixing
intensity, suggesting that the nucleation rate remains constant.
In what concerns primary nucleation, literature reports that
high shear rates can cause the breakup of the protein clusters26
and thereby reduce primary nucleation rate. In relation to
secondary nucleation, it seems that from Reo of 189 additional
increase of mixing intensity has no longer inﬂuence on
secondary nucleation rate since mean crystal size remains
almost constant. This is also corroborated by the crystal size
distribution results, as a narrowing of the crystal size
distribution is veriﬁed for Reo above 189. This can be due to
the fact that the formed primary crystals are not large enough
to promote the formation of attrition-induced nuclei. Indeed,
large crystals are more likely to collide with each other than
small crystals and thereby are more prone to attrition.48
Results also show a higher inﬂuence of the oscillation
amplitude compared to the frequency on both induction time
(Figure 4) and mean crystal size (Figure 6), especially at the
lower amplitudes (3.6 and 5.3 mm). This can be explained by
the ﬂuid patterns in meso oscillatory ﬂow reactors, where
previous studies and simulations on the inﬂuence of the
oscillation frequency and amplitude have demonstrated a
greater inﬂuence of the amplitude on ﬂuid mixing since the
amplitude controls the length of eddy generated in the
column.30,49,50
■ CONCLUSION
Inﬂuence of mixing intensity on lysozyme crystallization is
reported for the ﬁrst time in a meso oscillatory ﬂow reactor
(meso-OFR). Although further evaluation of the nucleation
behavior is needed, results suggest that both primary and
attrition-induced secondary nucleation may have contributed
to the crystallization mechanism. Results also show a
nonmonotonic dependence of both induction time and mean
crystal size on mixing intensity, evidencing the existence of an
optimum oscillatory Reynolds number (Reo) that leads to
a faster nucleation. This may be attributed to the inﬂuence of
mixing intensity on the size distribution of protein clusters in
solution. Depending on its magnitude, mixing intensity may,
on the one hand, promote both protein clusters growth and
attrition-induced secondary nuclei formation or, on the other
hand, lead to protein cluster breakup. In relation to the
individual inﬂuence of oscillation amplitude and frequency,
induction time and mean crystal size show a stronger
dependency on the amplitude compared to the frequency.
This is probably due to the predominant role of the oscillation
amplitude in ﬂuid mixing. Finally, it is shown that lysozyme
remains active at the end of the experiments and crystal yields
are above 60% for all the operating conditions.
Though further investigation is needed, the present study
may provide important insights regarding the understanding of
the lysozyme crystallization mechanism under oscillatory ﬂow
mixing. In particular, results open the potential to exploit
meso-OFRs to control protein nucleation for the design of
protein crystallization as a process step.
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